Introduction
The small intestinal epithelial cell (enterocyte) brush border is a highly ordered cellular specialization that functions as a primary site of nutrient processing and absorption as well as the major barrier to the resident intestinal microbiota and to pathogens introduced into the gastrointestinal tract (Mooseker, 1985) . The brush border of a single cell consists of thousands of tightly packed microvilli that extend off of the apical cell surface. Each microvillus consists of a cylindrical membrane protrusion (100-nm diameter × 1-2-µm long) that is supported by a polarized bundle of actin filaments oriented with plus ends extending into the tip (Mooseker and Tilney, 1975) . These core bundles are held together with the cross-linking proteins villin, fimbrin, and espin (Revenu et al., 2004) , which provide mechanical stability and regulate the dynamics of actin turnover (Loomis et al., 2003) . The obvious structural consequence of this distinctive arrangement is that a brush border can accommodate 100-fold more membrane than a flat surface would afford; the coordinate functional consequence is an immense capacity for housing various membrane-bound transporters and channels that endow the brush border with its absorptive properties. Indeed, the functional significance of normal brush border structure is underscored by the fact that disruption of brush border membrane organization is associated with several pathological conditions, including microvillus inclusion disease (Cutz et al., 1989) and gluten-sensitive enteropathies such as Celiac Disease (Iancu and Elian, 1976; Bailey et al., 1989) .
Within enterocyte microvilli, the plasma membrane is connected to the core actin bundle by the motor protein myosin-1a (myo1a) (Mooseker and Tilney, 1975; Mooseker and Coleman, 1989) . As alluded to in the previous paragraph, enterocyte microvilli have historically been viewed as passive cytoskeletal scaffolds that increase apical membrane surface area, thereby enhancing the nutrient processing and absorptive capacity of the intestinal epithelium (Brown, 1962) . However, recent findings have challenged this model by demonstrating that in isolated brush borders, myo1a is able to propel microvillar membrane over core actin bundles (McConnell and Tyska, 2007) . This movement results in the shedding of membrane from F or decades, enterocyte brush border microvilli have been viewed as passive cytoskeletal scaffolds that serve to increase apical membrane surface area. However, recent studies revealed that in the in vitro context of isolated brush borders, myosin-1a (myo1a) powers the sliding of microvillar membrane along core actin bundles. This activity also leads to the shedding of small vesicles from microvillar tips, suggesting that microvilli may function as vesicle-generating organelles in vivo. In this study, we present data in support of this hypothesis, showing that enterocyte microvilli release unilamellar vesicles into the intestinal lumen; these vesicles retain the right side out orientation of microvillar membrane, contain catalytically active brush border enzymes, and are specifically enriched in intestinal alkaline phosphatase. Moreover, myo1a knockout mice demonstrate striking perturbations in vesicle production, clearly implicating this motor in the in vivo regulation of this novel activity. In combination, these data show that microvilli function as vesicle-generating organelles, which enable enterocytes to deploy catalytic activities into the intestinal lumen.
microvilli function as active vesicle-generating organelles. This novel aspect of epithelial cell biology may enable enterocytes to distribute specific enzyme activities into the intestinal lumen to serve in nutrient processing and/or host defense.
Results

Bulbous protrusions of apical membrane are found at microvillar tips in vivo
Although our previous experiments indicate that microvilli hold the potential to produce vesicles (McConnell and Tyska, 2007) , these experiments were performed with isolated brush borders. If microvilli do produce vesicles in vivo, one would expect to observe morphological evidence of this process at the level of individual microvilli in the context of native intestinal tissue samples. To test this prediction, we examined rat small intestine using scanning EM (SEM), an approach well suited for the visualization of cell surface features. High magnification (50,000×) observations in ad libitum-fed adult rat duodenum revealed the presence of bulbous membrane protrusions at the distal tips of microvilli with a mean diameter of 102.5 ± 13.1 nm (Fig. 1, A and B) . Although not present microvillar tips in the form of small (100-nm diameter) unilamellar vesicles, raising the intriguing possibility that microvilli might function as active, vesicle-generating organelles. Because the brush border is positioned at the enterocyte-lumen interface, the shedding of microvillar membrane could represent an important aspect of enterocyte functions that involve communicating with and/or conditioning the lumenal environment (Jacobs, 1983; Bates et al., 2007; Goldberg et al., 2008) .
As our initial experiments were limited to in vitro observations using isolated brush borders (McConnell and Tyska, 2007) , the possibility that microvilli function as vesicle-generating organelles has not been explored. Thus, the goal of this study was to combine light microscopy and EM with biochemical and proteomic approaches to investigate this hypothesis. Our findings clearly show that native microvilli are capable of releasing vesicles from their distal tips in vivo. The resulting vesicles contain several catalytically active enzymes normally associated with the brush border but are specifically enriched in intestinal alkaline phosphatase (IAP). In a manner consistent with our previously published in vitro data (McConnell and Tyska, 2007) , we find that myo1a knockout (KO) mice demonstrate marked defects in vesicle production. Based on these data, we propose that enterocyte Figure 1 . Bulbous membrane protrusions are observed at microvillar tips. (A) SEM micrograph of the duodenum lumenal surface shows the presence of membrane extensions at the tips of large numbers of enterocyte microvilli. Membrane bulbs displayed a mean diameter of 102.5 ± 13.1 nm (n = 100). Bar, 1.6 µm. (B) A higher magnification view of the enterocyte apical surface reveals that some microvilli demonstrate characteristically regular height and tip diameter (bracket), whereas others have enlarged or irregular tips (red circles). Bar, 0.6 µm. (C) Low magnification confocal micrograph of a section through a small intestine villus labeled with fluorescent conjugates of the lectin Alexa Fluor 488-Con A (green) and the filamentous actin-binding protein Alexa Fluor 633-phalloidin (red) to mark membranes and actin, respectively. Enterocyte brush borders line the lumenal surface of the villus and are visualized as the strongly labeled yellow band at the villus perimeter. Bar, 10 µm. (D) A high magnification view of the boxed area in C is shown. Small membrane bulbs protruding from the tips of microvilli can be seen (arrowheads). Note that the membrane bulbs do not contain actin filaments. Bar, 2 µm.
at microvillar tips of isolated brush borders after ATP exposure (McConnell and Tyska, 2007) . Thus, distal tip bulbs may represent structural intermediates in the process of microvillar membrane shedding.
Vesicles containing microvillar membrane markers are found in the intestinal lumen
Vesicles released from the tips of microvilli in vivo should accumulate in the intestinal lumen. To determine whether such vesicles are present, full lengths of small intestine were dissected out of adult rats and flushed with saline; the resulting lumen wash was then fractionated using differential and gradient centrifugation. Gradient fractions were assayed for the presence of enterocytederived vesicles using negative-stain transmission EM (TEM) and Western blot analysis using antibodies directed against on the tip of every microvillus, these protrusions or "bulbs" appeared to be ubiquitous, as they were present on the surface of enterocytes along the length of a given villus. Apical membrane bulbs were also observed in confocal micrographs of intestinal frozen sections fluorescently labeled with Con A and phalloidin to mark the apical membrane and actin filaments, respectively (Fig. 1, C and D) . These images clearly show membrane protruding from enterocytes into what would be lumenal space (Fig. 1 D, arrowheads) . Importantly, bulbs were devoid of phalloidin signal, ruling out the possibility that these structures simply represent microvilli of above average length.
The membrane bulbs imaged in both SEM and confocal micrographs (Fig. 1, B (A) Lumenal contents from rat small intestine were fractionated using differential centrifugation (see Materials and methods); the resulting 100,000 g pellet was resuspended and loaded onto a discontinuous sucrose gradient. A Coomassie blue-stained gel of the gradient fractions shows that most of the protein is found in fractions 3 and 4. Western blot analysis reveals that fraction 3 contains several membrane proteins that are found at high levels in the enterocyte microvillar membrane (MGAM, LPH, SI, DPPIV, and IAP) and does not have detectable levels of actin. (B) Negative-stain TEM of fraction 3 shows the presence of membrane structures in the intestine lumenal contents that are similar in size to the membrane accumulations observed at the tips of microvilli. (C) Ultrathin sections of fraction 3 viewed by TEM clearly show that the majority of vesicles present in this fraction are unilamellar. Bars, 0.5 µm.
side out," vesicles were mixed with papain-conjugated beads to cleave exposed proteins from the vesicle surface (Maestracci, 1976) . After papain treatment, LVs were centrifuged (100,000 g) and the pellet analyzed by Western blotting. Increasing concentrations of papain resulted in progressively more protein cleavage; at the highest papain concentration, IAP and SI were completely lost from the LV pellet (Fig. 3 A) . Similarly, phosphatidylinositol-specific PLC (PI-PLC) released the glycosylphosphatidylinositol-anchored protein IAP from the LV pellet into the supernatant without affecting the transmembrane protein SI (Fig. 3 B) . These data show that LV membrane proteins are surface exposed and suggest that LVs are right side out; i.e., LV membrane has the same orientation as microvillar membrane.
LV-associated enzymes are catalytically active
Given the right side out orientation of vesicles in the LV fraction, component enzymes should have access to substrates present in the lumen and may therefore exhibit catalytic activities. We investigated the presence of enzyme activities in the LV fraction microvillar membrane components (Fig. 2) . Gradient fraction 3, which included the 16-25% sucrose interface, was highly enriched in unilamellar vesicles with a size comparable with the diameter of microvilli (100 nm), as observed using negative stain and ultrathin section TEM (Fig. 2, B and C) . Western blotting revealed that this lumenal vesicle (LV) fraction contains several integral membrane proteins that are expressed in enterocytes and found in the brush border, including maltase glucoamylase (MGAM), lactase-phlorizin hydrolase (LPH), sucrase isomaltase (SI), dipeptidyl peptidase IV (DPPIV), and IAP (Fig. 2 A) . Importantly, actin was not detectable in any of the gradient fractions, indicating that vesicles at the 16-25% interface are not likely the result of microvillar/brush border fragmentation. These data show that small vesicles, which may be derived from the microvillar membrane, are in fact found in the intestinal lumen.
LV membranes are oriented right side out
Based on our in vitro experiments, vesicles released during microvillar membrane shedding are expected to retain the orientation of the native microvillar membrane (McConnell and Tyska, 2007) . To determine whether LVs are oriented "right Figure 3 . LVs are oriented right side out and exhibit catalytic activity. (A) Intact LVs were incubated with increasing concentrations of papain-conjugated beads, the beads were removed with centrifugation (500 g), and the supernatant was centrifuged (100,000 g) to pellet LVs. Western blot analysis of the 100,000 g pellet shows that both IAP and SI are cleaved from LVs by papain, with neither protein being detectable in the 100,000 g pellet at the highest papain concentration. (B) LVs incubated with PI-PLC for 15 min at 30°C were pelleted with ultracentrifugation (100,000 g), and membrane protein distributions were examined by Western blotting. In control samples (), IAP and SI were found entirely in the pellet fraction. PI-PLC treatment (+) released approximately half of the IAP from the pellet into the supernatant. The transmembrane protein SI was unaffected by PI-PLC treatment, remaining in the pellet in both control () and PI-PLC-treated (+) samples. (C) The enzyme activities of intact LVs (25 µg; blue squares) were compared with isolated brush borders (25 µg; red circles) using the fluorescent substrates 4-methylumbelliferyl phosphate (i) and H- to measure phosphatase and aminopeptidase activities, respectively. To assess disaccharidase activities, samples were incubated with maltose (iii) and sucrose (iv), and liberated glucose was measured using a hexokinase assay (Sigma-Aldrich). LVs demonstrated robust phosphatase and aminopeptidase activities (i and ii) but possessed significantly less maltase (iii) and sucrase (iv) 
LVs are specifically enriched in IAP
To further develop insight into LV function, we sought to determine which LV-associated proteins were enriched or depleted relative to the composition of whole microvillar membrane. When detergent-extracted LV and microvillar membranes were separated using 30% iodixanol gradients (Optiprep; SigmaAldrich), the resulting fractions demonstrated comparable cholesterol distributions (Fig. 4, A and B) . Western blot analysis of gradient fractions revealed that LV and microvillar membrane proteins undergo similar partitioning between detergent-resistant using substrates specific to common brush border hydrolases. Strikingly, LVs possessed activities comparable with brush border controls with nearly identical IAP and aminopeptidase activities in assays loaded for equal total protein ( Fig. 3 C, i and ii). Although LVs did possess disaccharidase activities, these were significantly lower than those of isolated brush borders (Fig. 3 C, iii and iv) . These results demonstrate that LV-associated enzymes are catalytically active and suggest that LV production may be a means of distributing specific enzymatic activities into the intestinal lumen. assays confirmed that IAP is significantly enriched in the LV fraction compared with microvillar membranes (Fig. 4 , C and D). Thus, although LVs and microvillar membranes share several common components, these data indicate that IAP is a principal cargo of LVs.
Because LVs are highly enriched in IAP (Fig. 4 D) , one might expect to find that IAP is also enriched in the aforementioned distal tip membrane bulbs (Fig. 1) . Indeed, small intestine frozen sections labeled with an antibody directed against IAP show intense labeling at the distal microvillus tips (Fig. 4 E) . Consistent with the Western blot (Fig. 4 D) results, the type II transmembrane protein SI was also present in microvillar and detergent-soluble membrane fractions (Fig. 4 D) . Although LVs contained many of the same proteins as microvillar membrane, they were depleted in SI, LPH, and MGAM. In contrast, LVs were enriched in a prominent doublet running between 50 and 100 kD in the lowest density fraction (Fig. 4 D, fraction 1) . To identify these two major components, we excised both bands, trypsinized the samples, and performed liquid chromatography/ mass spectrometry (MS) on the resulting peptides. Our results show with high confidence that these bands represent the two distinct forms of IAP expressed in the rat gastrointestinal tract (51% coverage of IAP1 and 30% coverage for IAP2; Xie and Alpers, 2000) . Western blot analysis and enzyme activity Fluor 488 antibody to detect IAP as outlined in Materials and methods. Light-scattering properties were used to eliminate large particles or aggregates. Particles within established gates (black outlines; red denotes particles included in all gates) were isolated for further analysis, whereas particles outside of the fluorescence and light-scattering (side-scattered light [SSC]) gates were excluded (colored black and blue, respectively). Plots of the fluorescence and light-scattering properties of vesicles before (i and ii) and after (iii and iv) sorting show that particles falling within established gates were physically isolated; compare the tight grouping of the FAVS-purified LVs (iii and iv) with the wide dispersion of unsorted vesicles (i and ii). (C) Box and whisker plot of vesicle diameters measured from negative-stain TEM micrographs. The diameters of vesicles before (n = 1219) and after (n = 372) FAVS were measured from electron micrographs of negatively stained samples. Postsort vesicles displayed less variability in their size with no vesicles >170 nm, which is in contrast with the presort vesicles that regularly possessed membrane particles as large as 400 nm. (D) Samples of brush borders (BB) and pre-and post-FAVS-purified LVs were analyzed by Western blotting (loaded for equal total protein). FAVS-purified LVs show a clear enrichment in IAP when detected using either a polyclonal (IAP P ) or monoclonal (IAP M ) antibody. DPPIV, SI, and LPH are found at lower levels in LVs than in the brush border but all show modest enrichment after FAVS purification. brush border hydrolases (Table I) . Hydrolases made up the largest class of cargos and included peptidases, glycosidases, lipases, and phosphatases (Table I) . LVs also contained several proteins that have been implicated in immunological function, inflammatory response, or are misregulated in cancer; prominent examples include the polymeric Ig receptor (Murthy et al., 2006) , several annexins (Gerke et al., 2005) , meprin (Lottaz et al., 2007) , syncollin (Tan and Hooi, 2000) , alkaline sphingomyelinase (Hertervig et al., 1997; Sakata et al., 2007) , and ceramidase (Teichgraber et al., 2008) . Additional LV cargoes included proteins with established roles in modifying the chemistry or curvature of cellular membranes such as annexin A13b (Gerke et al., 2005) and secreted PLA2 (Table S1 ; Staneva et al., 2004) . The identification of numerous membrane proteins that are components specifically found in the enterocyte brush border clearly shows that IAP-enriched vesicles are derived from the microvillar membrane.
Myo1a KO mice demonstrate defects in
IAP-enriched LV production
Given that our structural, biochemical, and proteomic data all indicate that LVs are released from brush border microvilli, we sought to determine whether LV production was disrupted in the absence of the major microvillar motor protein, myo1a. Myo1a is likely to play a role in LV production in vivo, as our previous experiments have revealed that this motor is required to power the release of vesicles from microvillar tips in isolated brush borders (McConnell and Tyska, 2007) . When KO lumen washes were processed to isolate LVs, we were surprised to find that even in the absence of myo1a, a significant amount of membranous material was present in the LV fraction. However, when we examined this material by negative-stain TEM, we observed that KO vesicles are significantly larger than those isolated from wild-type (WT) controls (Fig. 6 and Fig. S1 ). An increase in vesicle size was confirmed using analytical flow cytometry (vesicles labeled as in the aforementioned FAVS purification protocol) in which DiD fluorescence provides a readout on the relative amount of membrane present in each particle. Of the 10,000 WT LVs analyzed, we observed a nearly linear relationship between IAP content and vesicle size (DiD signal) with >92% of the vesicles grouping into a tightly defined gate (Fig. 6 B,  blue) . However, when KO LVs were processed identically, we found that nearly half of the KO vesicles fell outside of this area (48%; Fig. 6 B, red) . This analysis reveals that KO vesicles contain more lipid (per particle) on average relative to WT (i.e., KO LVs are larger) and further suggests that the IAP/lipid ratio is lower than normal in the absence of myo1a.
To further characterize defects in the production of myo1a KO LVs, we analyzed the density of WT and KO vesicles in 100,000 g lumen wash pellets using self-forming Optiprep density gradients. With this approach, WT vesicles typically demonstrated peak IAP enrichment in the first gradient fraction (lowest density, 1.05 g/ml); KO samples lacked the enrichment of IAP in the first fraction, instead displaying an even distribution across the entire gradient (Fig. 7 A) . These results are consistent with the aforementioned flow cytometry data described; both assays suggest that the effective membrane bulbs but did not exhibit the enrichment observed for IAP (Fig. 4 E) . The enrichment of IAP at microvillar tips (Fig. 4 E) is consistent with the hypothesis that IAP-enriched LVs isolated from the intestinal lumen (Fig. 2) are derived from the enterocyte brush border.
IAP-enriched LVs are derived from enterocyte microvillar membrane
The morphological heterogeneity of vesicles in the LV fraction (Fig. 2 B) suggests that this material may represent a mixture of membranes from multiple cellular sources. However, we were interested in determining whether LVs enriched in IAP were derived specifically from enterocyte microvilli. To this end, we used a novel high performance flow cytometry approach called fluorescence-activated vesicle sorting (FAVS) to isolate only IAP-enriched vesicles (Cao et al., 2008) . Our goal was to create a purified pool of IAP-enriched vesicles that could serve as input for proteomic analysis; the resulting dataset would provide definitive information on the origin of LVs. Vesicles in fraction 3 (Fig. 2) were labeled with the fluorescent lipophilic dye DiD (1,1'-dioctadecyl-3,3,3,3-tetramethylindodicarbocyanine perchlorate) and a polyclonal antibody directed against IAP (SigmaAldrich; detected with an Alexa Fluor 488-conjugated secondary antibody). By comparing the light-scattering and fluorescence signal characteristics of LVs with those of reference beads, we were able to isolate particles that were (a) double positive for both DiD and IAP, (b) single vesicles (i.e., not aggregates), and (c) in the expected size range of 100 nm ( Fig. 5 ; see Materials and methods). Our ability to isolate particles meeting these criteria was confirmed by postsorting flow analysis (Fig. 5 B; note the wide dispersion of the input material relative to the tight grouping of the postsort particles within the established gates). Selection of particles of the appropriate size and composition was validated by negative-stain TEM and Western blot analysis (Fig. 5) . Sorted vesicles had a slightly larger mean diameter (90 nm) and fell within a range of 30-170 nm, completely lacking the large (>400-nm diameter) particles observed in the input material (Fig. 5) . Additionally, postsort LVs were highly enriched in IAP (the sorting marker) and modestly enriched in other microvillar membrane proteins such as SI, DPPIV, and LPH (Fig. 5 D) . The uniform appearance of vesicles and accompanying enrichment in microvillar membrane markers confirmed the utility of FAVS for purifying IAP-enriched LVs.
After validating the FAVS purification procedure, sorted LVs were concentrated by ultracentrifugation and subjected to proteomic analysis. Peptide spectra were analyzed and assigned to protein identifications using MyriMatch software (Tabb et al., 2007) ; general characterization based on function and localization of identified proteins was determined using WebGestalt (version 2.0; http://bioinfo.vanderbilt.edu/wg2/; Zhang et al., 2005) and manually cross-checked against the National Center for Biotechnology Information database (http://www.ncbi.nlm.nih.gov/sites/entrez?db=Protein). Strikingly, several of the identified LV cargos are only expressed in enterocytes where they are known to localize to the microvillus; these include the actin-bundling protein ezrin, the carbohydratebinding protein galectin-4, and a variety of well-characterized activities were high in WT brush borders with minimal activity present in WT LVs. However, KO LVs showed high disaccharidase activities with a corresponding decrease in these activities in KO brush borders (Fig. 7 C) .
Given the high expression level of myo1a in the enterocyte and its specific targeting to microvilli, the data derived from experiments with myo1a KO mice provide strong evidence implicating the microvillus as the source of LVs. Moreover, the redistribution of components from the brush border into LVs in KO animals indicates that myo1a is critical for the production of vesicles that contain a normal complement of enzymes and are specifically enriched in IAP.
IAP concentration in KO vesicles is reduced. To determine whether vesicle composition was altered in general, WT and KO vesicles from sucrose gradient fraction 3 were analyzed by Western blotting (loaded for equal total protein). We found that although IAP levels appear comparable, KO LVs possess abnormally high levels of other brush border membrane proteins such as MGAM, SI, and LPH when compared with WT (Fig. 7 B) . Intriguingly, we observed a corresponding decrease in the levels of these enzymes in KO brush borders (Fig. 7 B) . When the disaccharidase activities of equivalent amounts of LVs and brush borders were compared (equal total protein), we observed that both sucrase and maltase 
Myo1a is required for proper LV production
Within the intestinal tract, myo1a is expressed only in enterocytes and localizes exclusively to brush border microvilli (Bikle et al., 1991) . Thus, the abnormal LVs isolated from myo1a KO mice provide strong evidence indicating that these membranes are microvillus derived. The vesicles isolated from KO mice could be produced in one of two ways: (1) actively, by myosin motors that redistribute into the brush border in the absence of myo1a or (2) passively, perhaps via mechanical shearing of large membrane herniations from the apical surfaces of KO enterocytes (Tyska et al., 2005) . This type of unregulated membrane loss could explain the increased variability observed in vesicle size (Fig. 6 ) and density (Fig. 7 A) as well as the increased amounts of proteins such as SI, LPH, and MGAM that are normally excluded from LVs and retained in the microvillar membrane (Fig. 7, B and C) . The precise role of myo1a-derived forces in the formation of LVs and their subsequent release from microvillar tips remains unclear. However, it is possible that mechanical forces exerted on the membrane along the microvillar axis may provide a physical stimulus that leads to the fission of membrane from microvillar tips (Hobbs, 1980) . Alternatively, myo1a might play a role in the sorting of specific high curvature lipids or other fission machinery into the tip compartment, a possibility discussed in more detail in the following section. Elucidating the details of how myo1a contributes to the formation and release of LVs will likely become the focus of future studies.
Enrichment of IAP at the microvillus tip
Actin-based cellular protrusions have been shown to enrich transmembrane proteins at their distal tips to carry out specialized
Discussion
Enterocyte microvilli function as vesicle-generating organelles
Previous studies have reported the presence of vesicles in the intestinal lumen Beaudoin and Grondin, 1991; Halbhuber et al., 1994) , although their function, origin, and mechanism of formation have not been elucidated. These studies, in combination with recent in vitro studies conducted in our laboratory (McConnell and Tyska, 2007) , led us to hypothesize that enterocyte microvilli could serve as the source of these membranes by releasing vesicles laden with brush border enzymes from their distal tips. In this study, we present multiple lines of evidence in support of this model: (a) morphological experiments of native enterocytes clearly show that apical membrane forms bulbous protrusions at microvillar tips, (b) EM and biochemical analysis of intestinal lumen wash reveals that this material contains vesicles with the expected diameter and orientation (90 nm; right side out) for membranes released from microvillar tips, (c) LVs and membrane bulbs at the tips of microvilli are specifically enriched in IAP, (d) proteomic analysis of purified, flow-sorted LVs confirms that these vesicles contain an array of catalytically active enzymes (IAP, SI, MGAM, and aminopeptidase N) that are specific markers for the enterocyte microvillar membrane, and (e) the absence of myo1a causes defects in the structure and composition of both the enterocyte brush border (Tyska et al., 2005) and LVs (Figs. 6 and 7) . Together, these data indicate that microvilli play a role beyond that of passively scaffolding apical membrane by functioning as active vesiclegenerating organelles. functions such as mechano-sensitive ion gating in the case of stereocilia (Hudspeth and Gillespie, 1994) or integrin-mediated cellular adhesion in the case of filopodia (Zhang et al., 2004) . Although microvilli are a classical model for studying organized actin arrays (Mooseker and Tilney, 1975) , little is known about the distribution of membrane or cytoskeletal components along the microvillar axis. The first protein to be localized to the microvillus tip was the actin-regulating protein Eps8 (Croce et al., 2004) . Another recent study has shown that ezrin and the ezrin-interacting protein EPI64 localize in a gradient with highest levels at the microvillar tip (Hanono et al., 2006) . To our knowledge, the IAP enrichment described in this study is the first demonstration of microvillus tip localization for a membrane protein.
An interesting question arises as to the mechanism that may drive the polarized localization of IAP. Transmembrane proteins that localize to the tips of stereocilia and filopodia are transported to the protrusion's distal end by myosin motor proteins (Tokuo and Ikebe, 2004; Delprat et al., 2005) . However, because IAP is localized to the extracellular leaflet of the plasma membrane by a glycosylphosphatidylinositol linkage, it does not have direct access to motor proteins that might provide plus end-directed transport. Viewed from an alternate perspective, lack of tethering to the underlying cytoskeleton might be important for allowing the "flow" of IAP along the microvillar axis and into the tip compartment; molecules that are tethered to the actin core may be prevented from flowing toward the distal tip. We postulate that tipward flow of untethered membrane components could be driven by the biosynthetic delivery of material to the base of microvilli and release of vesicles from microvillar tips. This hypothesis is consistent with a previous study, which established that SI, a type II transmembrane protein, interacts directly with myo1a and that this interaction is required to retain SI in the brush border (Tyska and Mooseker, 2004) . This idea also finds support in the biochemical and immunofluorescence data presented in this study, which reveal that although LVs contain SI, levels are low compared with brush border membranes (Fig. 4) . Moreover, in the absence of myo1a, SI levels in the brush border decrease, whereas more of this transmembrane protein is found in LVs (Fig. 7) . In combination, these data support a model in which differential tethering to the actin core via motors such as myo1a plays an important role in producing the enrichment of specific components (e.g., IAP) at microvillar tips.
Mechanism of LV formation and release from microvillar tips
A key goal for future studies will be to investigate the mechanistic details of LV formation and release from microvillar tips as well as the regulation of this process by physiological and pathophysiological stimuli. Clues to the machinery involved in this process may be found in the LV proteome described in Figure 7 . LVs isolated from myo1a KO mice exhibit defects in protein composition. (A) To analyze LV density, lumen wash material from WT and KO mice was fractionated by differential centrifugation as described in Materials and methods. The 100,000 g pellets were resuspended in PBS, loaded onto 20% self-forming Optiprep gradients, and centrifuged at 200,000 g for 2 h. Gradients were split into 10 equal-volume fractions; dashed lines denote fraction density. WT LVs demonstrate clear enrichment of IAP in low density fractions (fractions 1 and 2); this enrichment is completely lacking in the KO LVs. IAP enrichment was calculated by normalizing IAP levels (Western blot densitometry) against total protein for each fraction. (B) Polyacrylamide gel of LV and brush border (BB) samples isolated from WT and myo1a KO mice stained with Coomassie blue (CB). The increased staining in the KO LV sample in the high molecular mass range (76-225 kD) was observed in multiple experiments. When these samples were analyzed by Western blotting (WB) using antibodies directed against brush border membrane proteins found in this size range, we observed that several integral membrane proteins normally found at low levels in WT LVs are present at significantly higher levels in KO LVs (e.g., MGAM, SI, and LPH). (C) Sucrase and maltase activities of LV and brush border samples isolated from WT and KO mice were assayed by measuring glucose liberated from sucrose and maltose, respectively (12.5 µg protein per condition). Both sucrase and maltase activities distributed differently, with KO LVs showing higher disaccharidase activities than WT LVs, whereas KO brush borders showed a corresponding decrease in these activities relative to WT brush borders. Values are given as millimoles of sugar hydrolyzed per hour per microgram of protein (mmol h 1 µg 1 ). Sucrase: WT LV, 0.05 ± 0.21; KO LV, 0.94 ± 0.18; WT brush border, 1.16 ± 0.19; KO brush border, 1.14 ± 0.13. Maltase: WT LV, 2.97 ± 0.29; KO LV, 9.76 ± 0.52; WT brush border, 9.4 ± 0.19; KO brush border, 7.55 ± 0.15. Conditions were considered statistically significant if P < 0.05 (denoted by an asterisk).
means for catalytically conditioning the lumenal environment. Given that LVs are specifically enriched in IAP activity, which may be involved in host defense against gram-negative bacteria, these vesicles may play an important role in mucosal barrier function. The work presented in this study provides a critical first step toward understanding the role of this new aspect of enterocyte function. Future studies will attempt to illuminate the molecular mechanisms governing LV function and seek to identify physiological stimuli that may regulate LV release.
Materials and methods
Light microscopy
All procedures involving animals were undertaken following approval from the Vanderbilt University Medical Center Institutional Animal Care and Use Committee. All reagents were obtained from Sigma-Aldrich unless noted otherwise. Small intestines from WT 129 SVJ1 mice were collected, flushed with warm HBSS (Invitrogen), cut into 10-cm lengths, filled with 4% PFA, and the ends were clamped and fixed at room temperature for 10 min. Intestine segments were opened longitudinally, rolled, fixed in 4% PFA for 1 h on ice, and incubated in 1 M sucrose in TBS (150 mM NaCl and 50 mM Tris, pH 8.0) overnight at 4°C. Tissue was embedded in OCT, frozen, and 20-µm-thick transverse sections were cut on a cryostat (Leica). Sections were stained using Alexa Fluor 488-Con A (1:200; Invitrogen), phalloidin conjugated to either Alexa Fluor 568 or 633 (1:200; Invitrogen), anti-IAP (1:200; Sigma-Aldrich), and Alexa Fluor 568 secondary antibody (1:200; Invitrogen). Micrographs were acquired using a laser-scanning confocal microscope with a 100×/1.4 NA Plan Apo objective (FV-1000; Olympus). Images were pseudocolored, contrast enhanced, and cropped using ImageJ software (version 1.42i; National Institutes of Health).
LV isolation
For each LV preparation, adult Sprague-Dawley rats or adult 129 SVJ1 mice (WT and/or myo1a KO) were sacrificed and their intestines removed into ice-cold saline (150 mM NaCl, 2 mM imidazole-Cl, and 0.02% NaAzide). The intestinal contents were collected by flushing each intestine with 30-60 ml cold saline into a beaker. The flushed material was put through a series of centrifugation steps, with the supernatant from the preceding spin loaded into the subsequent spin: 500 g for 20 min (SX4750 rotor; Beckman Coulter), 20,000 g for 30 min (SS34 rotor; Sorvall), and 100,000 g for 2 h (70Ti rotor; Beckman Coulter). The 100,000 g pellet was resuspended in PBS (137 mM NaCl, 7 mM Na 2 HPO 4 , and 3 mM NaH 2 PO 4 , pH 7.2), layered on top of a sucrose step gradient (equal volumes of 55, 38, 35, 25, 16, and 8% sucrose in PBS) , and centrifuged at 100,000 g for 16 h in a swinging-bucket rotor (TH641; Sorvall). The gradient was split into equal volume fractions; to remove sucrose, each fraction was diluted with 10 vol PBS and centrifuged at 100,000 g for 2 h (70.1Ti rotor; Beckman Coulter), and the resulting pellets were resuspended in PBS.
EM
All EM reagents were purchased from EMS. For SEM, specimens were washed several times in warm HBSS and fixed overnight at 4°C with 3% glutaraldehyde in SEM buffer (0.1 M sucrose and 0.1 M Na-phosphate, pH 7.4). Samples were washed in SEM buffer, postfixed with 1% OsO 4 on ice for 1 h, and washed in SEM buffer. Samples were dehydrated in a graded ethanol series, dried with hexamethyldisilazane, mounted on aluminum stubs, coated with gold in a sputter coater, and viewed on a microscope (S-4200; Hitachi). For negative-stain TEM, LVs were deposited on glow-discharged formvar carbon grids and stained with 1% uranyl acetate. For thin section TEM, LVs were fixed with 3% glutaraldehyde overnight at 4°C, postfixed with 1% OsO 4 on ice for 2 h, washed with water, stained overnight in 1% uranyl acetate, dehydrated in a graded ethanol series, embedded in Embed812 according to the manufacturer's protocols (EMS), and sections were cut using an ultramicrotome (Leica). All grids were imaged on a transmission electron microscope (CM12; Phillips) equipped with an 8-bit grayscale charge-coupled device camera (Hamamatsu Photonics). Images were contrast enhanced and cropped using ImageJ software.
SDS-PAGE and immunoblotting
Protein fractions were analyzed with SDS-PAGE using 4-12% NuPage gradient gels. For immunoblotting, gels were transferred to nitrocellulose this study (Table I) . FAVS-purified LVs contain several proteins that are expressed at high levels in the enterocyte brush border (Table I) . Among these are several lipid-binding proteins, including eight members of the annexin family (A1-5, A7, A11, and A13b) and secreted PLA2 (Table S1 ). These components are of particular interest because annexins are involved in mediating actin-membrane interactions (Merrifield et al., 2001; Hayes et al., 2004) during several membrane fission and fusion events (Gerke et al., 2005) and thus may play a key role in the formation or release of LVs from the actin-rich microvillus. PLA2 hydrolyzes phospholipids into arachidonic acid and lysophospholipids and thus plays a key role in the generation of proinflammatory second messengers such as prostaglandins and leukotrienes (Dennis et al., 1991) . Because it removes the sn-2 acyl chain of phospholipids, PLA2 activity also changes membrane curvature, which has been shown to cause the spontaneous fission and vesiculation of lipid rafts from liposomes in vitro (Staneva et al., 2004) . This is of particular interest, as both the microvillar membrane and LVs are enriched in proteins that preferentially partition into lipid rafts such as IAP.
Physiological function of microvillar membrane shedding
The release of vesicles laden with catalytically active hydrolases could allow processing of target substrates to take place without the need for substrate to be in direct contact with the enterocyte apical surface (Jacobs, 1983) . Although previous ultrastructural studies described the presence of such vesicles in the intestinal lumen Halbhuber et al., 1994) , the cellular origin of these vesicles remained unclear. Interestingly, compositional differences between vesicles and the enterocyte plasma membrane were originally interpreted as evidence that the vesicles were not derived from the brush border (DeSchryverKecskemeti et al., 1989) . However, the enrichment of specific enzymes at sites of vesicle release, such as IAP enrichment at microvillar tips (Fig. 4 E) , would explain this apparent discrepancy.
The enrichment of IAP in LVs suggests that a primary function of these vesicles is the distribution of phosphatase activity throughout the intestinal lumen. Although the precise role of IAP in the gastrointestinal tract was unknown for many years, recent work in mouse and zebrafish model systems now shows that IAP is a vital component of the mucosal barrier (Beumer et al., 2003; van Veen et al., 2005; Su et al., 2006; Bates et al., 2007; Goldberg et al., 2008) . Specifically, IAP is able to dephosphorylate and thus detoxify bacterial lipopolysaccharide (LPS). An abundant component of the gram-negative bacterial outer membrane, LPS is a potent and highly concentrated proinflammatory ligand in the gastrointestinal tract; dephosphorylation of the lipid A moiety of LPS reduces the toxicity of this compound at least 100-fold (Schromm et al., 1998) . The production of IAP-enriched LVs could be a mechanism that enterocytes use to detoxify LPS in the intestinal lumen in an effort to minimize its proinflammatory impact on cells of the mucosa.
Concluding remarks
Microvillar membrane shedding represents a novel aspect of epithelial cell biology that may provide the enterocyte with a Enzyme activity assays To measure enzyme activity, the LV fraction was resuspended in TBS supplemented with 1 mM MgCl 2 . Protein content was determined using a Bradford protein assay. For each reaction, 100 µg of the LV fraction protein was mixed with a range of substrate concentrations in 0.2 ml TBS and incubated at 37°C for 30 min. All assays were measured using a microplate reader (Synergy HT; Biotek). To measure alkaline phosphatase and aminopeptidase activities, the quenched fluorescent substrates 4-methylumbelliferyl phosphate and H-Leu-7-amino-4-methylcoumarin (MP Biomedicals) were used, respectively, and fluorescence at 460 nm was measured using 360-nm excitation. Disaccharidase activities were measured by incubating 25 µg LVs or isolated brush borders with sucrose or maltose, and the released glucose was quantified using a glucose hexokinase assay (Sigma-Aldrich).
LV purification by FAVS For FAVS analysis, LVs were labeled using the following procedure: LVs were blocked for 1 h at 4°C with 2% bovine serum albumin, labeled with anti-IAP antibody (1:400; Sigma-Aldrich) and DiD (1:400; Invitrogen) for 1 h at 4°C, pelleted (100,000 g for 1 h; TLA 120.2 rotor; Beckman Coulter), washed in PBS, pelleted again, resuspended in PBS, and Alexa Fluor 488-conjugated goat anti-rabbit secondary antibody was added (1:400) for 1 h at 4°C (Invitrogen). LVs were pelleted, washed, resuspended in PBS, and sheared through a 27-gauge needle six times to dissociate vesicle aggregates. FAVS was performed as previously described (Cao et al., 2008) . In brief, sorting was performed using an FACSAria (BD) equipped with forward scatter photomultiplier tubes; linearity and sensitivity were checked using eight-peak beads (Spherotech). Particle size resolution was determined using green fluorescent beads covering the size range of 40-700 nm (Duke Scientific). A custom high salt sheath fluid (78 mM KCl, 4 mM MgCl 2 , 8 mM CaCl 2 , 10 mM EGTA, and 50 mM Hepes-KOH, pH 7.0) was filtered through a 100-nm filter before loading into the Aria sheath reservoir. Two 200-nm in-line filters were used to assure low sheath background. Unstained and single-stained (anti-IAP or DiD only) vesicles were used to compensate spectral overlap, which was minimal. Double-stained vesicles were gated and pulse processed to detect doublet vesicles, and individual double-positive LVs were gated to remove vesicles >0.55 SD from their mean fluorescent intensities.
MS analysis of FAVS-purified LVs FAVS-purified LVs were loaded onto 10% polyacrylamide gels and samples run into the gel 1-2 cm. The gel was stained with Coomassie colloidal blue (Bio-Rad Laboratories) to visualize protein, and the entire protein-rich band at the top of the gel was excised, minced, and treated with trypsin to generate peptides for mass analysis. Liquid chromatography/MS/MS analysis of the resulting peptides was performed using an ion-trap mass spectrometer (Thermo Finnigan LTQ; Thermo Fisher Scientific) equipped with an autosampler (MicroAS; Thermo Fisher Scientific) and an HPLC pump (Surveyor; Thermo Fisher Scientific), nanospray source, and Xcalibur (version 1.4; Thermo Fisher Scientific) instrument control. Samples were subjected to a reverse-phase separation directly in line with the aforementioned LTQ. The MS/MS spectra of the peptides were performed using data-dependent scanning in which one full MS spectrum was followed by three MS/MS spectra. Peptide spectra were assigned to protein identifications using MyriMatch software (Tabb et al., 2007) .
Statistical analysis A Student's t test was used to analyze the data presented in Figs. 3 and 7. P < 0.05 was considered statistically significant. Fig. S1 shows a histogram analysis of WT and myo1a KO LV size distributions observed by negative-stain TEM. Table S1 shows a complete list of proteins detected in LVs by MS. Online supplemental material is available at http://www.jcb.org/cgi/content/full/jcb.200902147/DC1.
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